Two phenolics, 1,2,6-trigalloylglucose (1) and 1,2,3,6-tetragalloylglucose (2) , isolated from the stem-bark of Juglans mandshurica were evaluated for their antioxidative activities. The results showed that compounds 1 and 2 exhibited strong scavenging activities against 1,1 0 -diphenyl-1-picrylhydrazyl (DPPH), 2,2 0 -azino-bis-(3-ethylbenzenthiazoline-6-sulphonic) acid (ABTS þ ), and superoxide radicals (O 2 À ), and also had a significant inhibitory effect on lipid peroxidation and low-density lipoprotein (LDL) oxidation. The strong superoxide radical scavenging of 1 and 2 resulted from the potential competitive inhibition with xanthine at the active site of xanthine oxidase (OX). In addition, compounds 1 and 2 displayed significant lipoxygenase inhibitory activity, the mode of inhibition also being identified as competitive. In comparison, the antioxidative activities of compounds 1 and 2, together with gallic acid, indicated that the number of galloyl moieties could play an important role in the antioxidative activity.
Key words: Jugland mandshurica; Juglandaceae; 1,2,6-trigalloylglucose; 1,2,3,6-tetragalloylglucose; antioxidative activity Reactive oxygen species (ROS) such as hydroxyl (OH ), superoxide anion (O 2 À ), lipid peroxyl (LO 2 ), hydrogen peroxide (H 2 O 2 ), singlet oxygen (O 2 1 Ág), lipid peroxides (LOOH), and other radicals are well known to react with bio-molecular constituents in living systems, including lipids, proteins, and DNA, leading to changes in their structures and functions. 1) These may cause various diseases, including cerebral ischemia, atherosclerosis, inflammation, gout, cancer, diabetes, and Parkinson's disease.
2) Hence, the search for antioxidants that can stop or reduce the generation of free radical chain reactions is important for therapeutic treatment.
As a part of our ongoing search for the biologically active substances from higher plants, we found during screening for antioxidative substances in traditional medicine that the methanol extract of Juglans mandshurica (Juglandaceae) had potential activity. J. mandshurica, a walnut tree, is distributed in Northeast Asia.
3) It has been used traditionally as a medicine for the treatment of cancer, gastritis, diarrhea, and leucorrhoea, 3, 4) and the fruit has been used for the treatment of chilblains and athlete's foot.
3) A number of natural phenolics, naphthoquinones, naphthalenyl glucosides, tetralones, [5] [6] [7] [8] diarylheptanoids, 5, [7] [8] [9] galloyl monosaccharides, and flavonoids 5, 10) have previously been isolated from this plant. It has also been shown that these constituents exhibited inhibitory effects on DNA polymerase and RNase H activity, 8, 10) as well as cytotoxic, 5, 8, 9) anti-HIV-1, 11) and anti-complement activities. 12) In this study, two galloyl monosaccharides, 1,2,6-trigalloyl glucose (1) and 1,2,3,6-tetragalloyl glucose (2), isolated from J. mandshurica were examined for their scavenging activities against some free y To whom correspondence should be addressed. Fax: +82-53-850-3602; E-mail: bsmin@cu.ac. Extraction and isolation. The stem-bark of J. mandshurica (3.0 kg) was extracted with MeOH at room temperature for 24 h. The MeOH extract was filtered and concentrated under vacuum, yielding a residue (300 g). This residue was suspended in H 2 O and then consecutively partitioned with hexane, CH 2 Cl 2 , EtOAc, and BuOH. Compounds 1 and 2 were isolated from the EtOAc-soluble fraction (90 g) by using repeated column chromatography.
10)
DPPH radical scavenging activity assay. The DPPH radical scavenging activity was assayed as described previously. 13) Briefly, 190 ml of 150 mM DPPH in methanol was added to 10 ml of each sample at various concentrations in 96-well plates. The resulting solution was mixed for 1 min and incubated at room temperature for 30 min in the dark. The absorbance of the reaction solution was then measured at 517 nm. The IC 50 value is defined as the concentration of a sample required to scavenge 50% of the DPPH radical.
ABTS
þ radical scavenging assay. The ABTS þ radical scavenging assay was as described previously with a slight modification. 14) In brief, the ABTS þ radical cation was produced by adding 400 ml of 60 mM K 2 S 4 O 8 (final concentration of 2.45 mM) to 10 ml of a 7 mM ABTS solution, and the mixture was kept in the dark at room temperature for 16 h. The ABTS þ solution was diluted with H 2 O to give an absorbance of 0:700 AE 0:020 at 734 nm. For the scavenging assay, 990 ml of the diluted ABTS þ solution was added to 10 ml of a test compound or Trolox standard (final concentration of 0-20 mM) in MeOH, the absorbance being read at ambient temperature exactly 6 min after the initial mixing. Stock solutions of the compounds were prepared so that they produced 10-80% inhibition of the blank absorbance. The percentage decrease of the absorbance at 734 nm was calculated and plotted as a function of the concentration of the antioxidants and of Trolox for the standard. To calculate the Trolox equivalent antioxidative coefficient (TEAC), the slope of the plot of the percentage inhibition of absorbance vs. concentration of the antioxidant was divided by the slope the plot for Trolox. All determinations were carried out in triplicate.
Superoxide anion scavenging assay. The superoxide radicals were determined by using spectrophotometric measurement of the effects of various concentrations of each test compound on the reduction of NBT in a nonenzymatic phenazine methosulfate-nicotinamide adenine dinucleotide (PMS/NADH) or enzymatic xanthine-xanthine oxidase (Xanthine/OX) system. The superoxide radical scavenging activity in the PMS/ NADH system was assayed as described previously. 15) Briefly, reaction mixtures contained various concentrations of the test compounds, PMS (15 mM), NADH (73 mM) and NBT (50 mM) in a phosphate buffer (20 mM, pH 7.4). After incubating for 5 min at ambient temperature, the color was measured at 560 nm against blank samples. The superoxide radical scavenging activity in the xanthine/OX system was determined by the NBT reduction method.
16) The assay mixture consisted of a 50 mM sodium carbonate buffer (pH 7.8), 50 mM xanthine, 50 mM nitro blue tetrazolium (NBT), and 0.1 mM EDTA in the presence or absence of a tested compound. The reaction was initiated by adding 5 ml of xanthine oxidase (20 nM) , and the increase in absorbance at 560 nm was measured after 5 min. The superoxide radical scavenging activity is expressed by the degree of NBT reduction of the test group in comparison with that of the control group. The IC 50 value is defined as the concentration that could scavenge 50% of radicals produced.
Inhibitory effect in the xanthine-xanthine oxidase assay. The inhibitory activity against xanthine oxidase was evaluated by measuring the formation of uric acid from xanthine by a spectrophotometer at ambient temperature. 16) The reaction mixture contained the same proportion of components as described for the superoxide radical scavenging assay, with the exception of NBT, and the absorbance was read at 295 nm after 5 min. The inhibitory activity was determined as the mean of triplicate measurements and is expressed as IC 50 value from the formative uric acid of the control. To determine the mode of inhibition by active compounds, a Lineweaver-Burk plot analysis was performed. This kinetic study was carried out in the absence and presence of active compounds with various concentrations of xanthine as the substrate. The initial rate was determined on the basis of the rate of the increase in absorbance at 295 nm which expressed the formation of uric acid (" ¼ 9:5 mM À1 cm À1 ).
17) The Michaelis constant (K m ) and maximal velocity (V max ) of xanthine oxidase were determined by Lineweaver-Burk plots for competitive inhibition, and by the intercept on the vertical axis for noncompetitive inhibition.
Lipoxygenase inhibition assay. The lipoxygenase inhibitory activity was assayed by the method described by Aziz with some modifications.
18) The reaction mixture contained 470 ml of a 20 mM sodium phosphate buffer (pH 8.0), 10 ml of a test compound, and 10 ml of a linoleic acid solution (final concentration of 40 mM), 10 ml of soybean lipoxygenase (100,000 U/ml) being added to initiate the reaction. The resulting solution was mixed and then incubated at room temperature for 5 min, the change in absorbance at 234 nm being read to measure the conjugated diene produced. The kinetic study was carried out in the absence and presence of active compounds with various concentrations of linoleic acid as the substrate. The initial rate was determined on the basis of the rate of increase in absorbance at 234 nm, this expressing the formation of conjugated diene hydroperoxide (13-HPOD, " ¼ 25 mM À1 cm À1 ). 19) The Michaelis constant (K m ) and maximal velocity (V max ) of the lipoxygenase were determined by Lineweaver-Burk plots for competitive inhibition, and by the intercept on the vertical axis for noncompetitive inhibition.
Lipid peroxidation inhibition assay. Mitochondria were prepared from the liver of mice by following previous method.
13 ) The inhibition effect on the oxidation of liver mitochondria was evaluated by the thiobarbituric acid reactive substance method. The reaction mixture contained 50 ml of mitochondria, 390 ml of a 20 mM phosphate buffer (pH 7.4), 25 ml of 2 mM FeSO 4 /25 ml of 5 mM ascorbic acid or 50 ml of 100 mM AAPH and 10 ml of a test sample. This mixture was incubated at 37 C for 60 min and the reaction terminated by adding 250 ml of 20% TCA. The mixture was then reacted with 250 ml of 1% TBA at 100 C for 15 min. After being centrifuged at 5000 rpm for 5 min, the absorbance of the supernatant was measured at 532 nm. The IC 50 value is defined as the concentration of a sample required to inhibit 50% of thiobarbituric acid reactive substance formation.
Preparation of human LDL. Blood was drawn from healthy normolipidemic volunteers, and human LDL was prepared from plasma by sequential flotation ultracentrifugation as previously described. 20, 21) For the Cu 2þ -mediated oxidation experiments, LDL was dialyzed for 24 h at 4 C against EDTA-free, phosphatebuffered saline (PBS) to remove EDTA. For the azoinitiated oxidation experiments, LDL was dialyzed overnight against PBS containing 1 mM EDTA. The LDL protein concentration was determined by the bicinchoninic acid method, using BSA as a standard.
22)
Cu 2þ -mediated LDL oxidation assay. Copper ioninduced LDL oxidation was measured as previously described. 20, 21) Briefly, a test compound was pre-incubated with LDL (100 mg/ml) in PBS (10 mM, pH 7.4, final volume of 1 ml), and oxidation was initiated by adding 5 mM of CuSO 4 at 37 C. After incubating for 3 h, the reaction was terminated by adding of 1 mM EDTA and 500 mM butylated hydroxy toluene (BHT). The amount of LDL oxidized to malondialdehyde (MDA) was measured by the thiobarbituric acid reactive substances (TBARS) assay.
AAPH-mediated LDL oxidation assay. LDL oxidation mediated by an azo compound was determined as previously described. 20, 21) Briefly, LDL (100 mg/ml) in PBS (pH 7.4, final volume of 1 ml) was pre-incubated with a test compound, and oxidation was initiated by adding 5 mM aqueous AAPH at 37 C for 3 h. The reaction was stopped by adding 500 mM BHT. The extent of LDL oxidation was quantified by TBARS generation.
Results and Discussion
Repeated column chromatography of the EtOAcsoluble fraction led to the isolation of two galloyl glucoses, 1 and 2 (Fig. 1) . Since compounds 1 and 2 possesed three and four galloyl groups, respectively, we attempted to examine their antioxidative activities, including free radical scavenging activities, inhibitory effects on the enzymes that are involved in oxidative stress, and anti-lipid peroxidation activities.
The free radical scavenging potential of 1 and 2 was tested for their ability to bleach the stable radicals, DPPH and ABTS þ , as well as O 2 À . As shown in Table 1 , compounds 1 and 2 showed significant scavenging activities against the DPPH free radical, with IC 50 values of 4.9 and 2.3 mM, respectively. Compounds 1 and 2 exhibited high ability with TEAC values of 5.19 and 5.39, respectively against ABTS þ . These values show much greater activity than that of gallic acid, which also revealed marked scavenging activity against DPPH (IC 50 ¼ 8:1 mM) and ABTS þ radicals (TEAC ¼ 3:39). In addition, 1 and 2 also exhibited stronger scavenging activity of superoxide anions compared to gallic acid in both the non-enzymatic (PMS/NADH system, IC 50 ¼ 14:8, 10.2 and 52.4 mM, respectively) and the enzymatic systems (xanthine/XO system, IC 50 ¼ 3:7, 2.5, and 6.7 mM, respectively). Hence, the order of scavenging activity of the tested compounds was 2 > 1 > gallic acid. As shown in Table 2 , compounds 1 and 2 inhibited xanthine oxidase (XO), with IC 50 values of 26.6 and 17.5 mM, respectively. Interestingly, it was found that gallic acid did not inhibit XO at concentrations up to 200 mM, which suggests that the number of galloyl units in the molecules of 1 and 2 affected their activities. The Lineweaver-Burk plot analysis indicated that both 1 and 2 were competitive inhibitors with respect to the xanthine substrate (Fig. 2) , with the same maximal velocity (Vm ¼ 14:1 mM/min), and Michaelis constants (Km) of 84.3 mM for 1 and 129.1 mM for 2. This suggests that the strong scavenging activities of these compounds against superoxide anions generated by the xanthine/XO system resulted not only from their quenching effect, but also from their inhibitory activity against the action of xanthine oxidase.
The galloyl monosaccharides, 1 and 2, suppressed lipoxygenase in a dose-dependent manner, with respective IC 50 values of 16.6 and 10.4 mM ( Table 2) . Meanwhile, gallic acid exhibited inhibition of 25.4% at a test concentration of 100 mM. This result indicates that the number of galloyl units therefore played an important role in the activities of both 1 and 2. In analyzing the Lineweaver-Burk plots (Fig. 3) , the Michaelis constants (Km) at 10 mM for 1 and 2 were determined to be 43.5 and 75.7 mM, respectively, revealing a similar maximal velocity (Vm) of 8.197 mM/min. These results indicate that 1 and 2 were competitive inhibitors, with linoleic acid as the substrate at the active site of the enzyme.
In order to further elucidate the antioxidative activities of compounds 1 and 2, we examined their suppressive effects on mitochondria lipid peroxidation and LDL oxidation, the results being presented in Table 3 . Compound 2 inhibited lipid peroxidation of rat liver mitochondria induced by Fe 2þ /ascorbic acid and AAPH systems with IC 50 values of 14.2 and 16.4 mM, respectively. Although compound 1 showed inhibitory activity with IC 50 values of 18.5 and 21.8 mM, respectively, it was less effective than 2. Moreover, the protective effects on Cu 2þ -and AAPH-mediated LDL oxidation of 2, with IC 50 values of 8.4 and 10.2 mM, respectively, were also stronger than those of 1, which showed IC 50 values of 10.4 and 15.6 mM, respectively. In this experiment, gallic acid weakly inhibited both lipid peroxidation and LDL oxidation.
Xanthine oxidase and lipoxygenases are important enzymes that participate in oxidative stress in the body. 1) They are sometimes involved in the first step of lipid peroxidation that leads to the generation of a hydroxyl radical (OH ), peroxyl radical (ROO ), alkoxyl radical (RO ), or alkyl radical (R ) in a biological system. 23) Oxidative degradation of polyunsaturated fatty acids occurs in two sequential steps of initiation and propagation which are initiated by free radicals.
1) Antioxidants are classified as compounds that scavenge free radicals to reduce or protect from their damage to living systems. 24) In this study, the results show that gallic acid and the two galloyl monoglucosides, 1 and 2, strongly quenched free radicals DPPH, ABTS þ , and O 2 À generated by either a nonenzymatic PMS/NADH system or enzymatic xanthine/XO system. Compounds 1 and 2 markedly inhibited the enzymes, xanthine oxidase and lipoxygenase, that are associated with oxidative stress. In addition, these compounds also potentially inhibited mitochondrial lipid peroxidation and the LDL oxidation induced by metal ions and freeradical AAPH. Due to their radical scavenging and inhibition of catalyzed enzymes, the antioxidative properties of these compounds helped to reduce the generation of reactive oxygen species. Previously, compounds 1 and 2 have been described as inhibitors of reverse transcriptase 10) and the complement system. 13) In contrast, gallic acid is a well-known antioxidant, 25) but reports have indicated that it does not act as an inhibitor of reverse transcriptase. 26) It was found that 2 had stronger activity than 1 in terms of the inhibitory effect on reverse transcriptase and the complement system activated by the classical pathway. 10, 13) In this study, compound 2 was also found to exhibit higher antioxidative activity than 1, which was more active than gallic acid. This indicates that the number of galloyl units in the molecules played an important role in eliciting antioxidative activity. Polyphenolic compounds are associated with antioxidative activity and play an important role in stabilizing lipid peroxidation. 27 ) From our foregoing results, those two galloyl monosaccharides showed antioxidative capacity, however, to define the degree of antioxidative activity of J. mandshurica toward radical scavenging and various oxidation process needs further investigation. Compounds were tested at 10 mM: 1 ( ), 2 ( ), and DMSO ( ) as a control. Each value is the mean AE SD of different triplicate experiments.
